The bacterial RecA protein has been the most intensively studied enzyme in homologous genetic recombination. The core of RecA is structurally homologous to that of the F1-ATPase and helicases. Like the F1-ATPase and ring helicases, RecA forms a hexameric ring. The human Dmc1 (hDmc1) protein, a meiosis-specific recombinase, is homologous to RecA. We show that hDmc1 forms octameric rings. Unlike RecA and Rad51, however, hDmc1 protein does not form helical filaments. The hDmc1 ring binds DNA in the central channel, as do the ring helicases, which is likely to represent the active form of the protein. These observations indicate that the conservation of the RecA-like ring structure extends from bacteria to humans, and that some RecA homologs may form both rings and filaments, whereas others may function only as rings.
The Escherichia coli RecA protein has been intensively studied for many years by using genetic, biochemical, and biophysical techniques (1) (2) (3) (4) . It has been hoped that insight gained into how RecA functions to catalyze homologous genetic recombination might be helpful in understanding such eukaryotic processes as meiosis. The RecA protein forms an unusual nucleoprotein filament on DNA, in which the DNA is both extensively stretched and untwisted (5) (6) (7) . The yeast (8) and human (9) Rad51 proteins, which are homologous to RecA, form very similar nucleoprotein structures. The more distantly related bacteriophage T4 UvsX protein assembles in a filament with nearly identical helical parameters (10) , suggesting that the structural properties of this filament are important to function and have been conserved over large evolutionary distances.
RAD51 in yeast is involved in DNA recombination and repair (11) , but is not an essential gene. However, disruption of RAD51 in mice leads to embryonic lethality (12) , suggestive of a role in general DNA metabolism and genome stability. Another eukaryotic RecA homolog is the Dmc1 protein. DMC1 (disrupted meiotic cDNA) is a meiosis-specific gene in yeast and animals, and disruption of it leads to meiotic arrest in both yeast (13) and mice (14) , and accumulation of doublestrand breaks with 3Ј ends (12) . In at least one plant, Arabidopsis, however, Dmc1 is induced during mitosis (15) . It has been shown in vitro that yeast (16) and human (17, 18) Rad51 proteins can promote an ATP-dependent strand-exchange reaction. Human Dmc1 (hDmc1) protein also can catalyze such reactions in vitro, but with much lower activity (19) .
The homology between RecA and its eukaryotic homologs is contained within the nucleotide-binding core. The nucleotide-binding core of the hexameric F1-ATPase is structurally homologous to the core of the RecA protein (20) , even though these proteins have vastly different functions and substrates (the loops of RecA that bind DNA are topologically similar to the loops in the F1-ATPase that bind the ␥-subunit, a coiledcoil protein). In addition, the conserved motifs present in DNA and RNA helicases have been shown to be part of the same core found in RecA for three helicases, which is likely to be true for all helicases (21, 22) . Because helicases act in many aspects of recombination, replication, transcription, and repair of DNA (23), they have a greater functional similarity to RecA than does the F1-ATPase. Some of the most intensively studied helicases function as hexameric rings, including the E. coli transcription-termination rho protein (24) , E. coli DnaB (25) , bacteriophage T7 gp4 (26) , simian virus 40 large T antigen (27) , and the papilloma virus E1 protein (28) . Interestingly, RecA forms a hexameric ring that appears to be a structural homolog of the hexameric helicases, both at the level of tertiary and quaternary structure (29) . Rings of human Rad51 protein also have been observed (30) , but neither function nor DNA binding have yet been demonstrated for this form of either the RecA or Rad51 proteins. It has been assumed that the only active form of the RecA protein and its homologs is the helical nucleoprotein filament.
MATERIALS AND METHODS
hDmc1 Preparation. Three different preparations of hDmc1 protein were analyzed. In one, the protein was prepared as described (19) , and Ϸ10% of the protein exhibited proteolytic degradation. The other two preparations involved his-tagged hDmc1 and showed no proteolysis. The purification of hDmc1 protein after overexpression in E. coli will be described elsewhere (J.Y.M., A. A. Davies, N. Hajibagheri, E. Van Dyck, F. E. Benson, A. Z. Stasiak, A. Stasiak, and S.C.W., unpublished work; Z.L. and C.M.R., unpublished work).
DNA Substrates. Single-stranded (ss) M13 mp18 was purchased from New England Biolabs, double-stranded (ds) M13 mp18 from Boehringer Mannheim and X174 (replicative form) from Sigma. X174 fragments with blunt ends were produced by digesting 10 g of form I X174 with HpaI (10 units͞l, Promega). DNA then was loaded on a low melting point agarose gel and subjected to electrophoresis. The resulting 1,264-and 3,710-bp bands were excised and extracted. For dsDNA with 3Ј ss tails of increasing length, 25 g form I X174 was cut with PstI (13 units͞l, IBI), followed by exonuclease digestion (5 units͞l, Boehringer Mannheim) for either 40 sec, 5 min, or 10 min at 37°C. Tailed duplex DNA was loaded on a low melting point agarose gel, subjected to electrophoresis, excised, and extracted. For dsDNA with 5Ј ss tails, dsM13 mp18 was cut with EcoRI (12 units͞l, Promega), followed by exonuclease III digestion (200 units͞l, Promega). DNA was loaded on a low melting point agarose gel, subjected to electrophoresis, excised, and extracted.
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Ring Formation. Isolated rings were formed by incubating 1.0 M hDmc1 for 10 min at 37°C with 1 mM MgCl 2 , 1 mM DTT, 2 mM ATP-␥-S, and 25 mM Pipes, pH 7. For clusters of rings, 1.0 M hDmc1 was incubated for 10 min at 37°C with 11 M heat-denatured partially duplex X174, 1 mM MgCl 2 , 1 mM DTT, and 25 mM Pipes, pH 7. For long stacks of rings, 1 M hDmc1 was incubated for 10 min at 37°C with 10 or 11 M partially duplex X174, 1 mM MgCl 2 , 1 mM DTT, and 25 mM Pipes, pH 7 in the presence or absence of 2 mM ATP-␥-S.
Electron Microscopy and Image Analysis. Images were recorded on film at a magnification of ϫ30,000 with a JEOL 1200 EXII electron microscope, and negatives were densitometered by using a Leaf45 scanner (at 4 Å͞pixel). Most computer processing used the SPIDER software (31) . The three-dimensional reconstruction of hDmc1 was generated from a set of 16,875 images, collected from two preparations that did not show any rings with 7-fold symmetry. A top view was generated by ranking the images on the strength of the 8-fold rotational power, by using a reference-free alignment (32) of the 4,000 highest images. An additional 41 classes were generated by using a K-means algorithm that grouped the images according to similarity clusters (33), after first separating out those images that corresponded to side views obtained on DNA. Nine of the final 42 classes corresponded to tilts of 80°or larger, based on the final angular assignments, whereas all of the other classes were assigned tilt angles of 40°o r less. Each class contained at least 100 images. A starting model was generated by back projection using only one averaged side view and the top view, which served to generate initial angular assignments for the other classes. The process was iterated more than 20 times, as new three-dimensional reconstructions were used to generate the angular assignments by using cross-correlation functions between the observed classes and projections of the reconstruction. The process converged quickly, as a stable solution appeared within the first few iterations.
Given the limited number of views, it is not possible to estimate the resolution of the reconstruction by dividing the views into two groups, generating two independent reconstructions, and analyzing such statistics as Fourier ring correlations. For tilts about the 8-fold symmetry axis of the ring, only two views 22.5°apart are needed to generate an isotropic 27-Å resolution reconstruction. Because the side views of the ring fell into only two characteristic classes, separated by Ϸ22°, we expect that the resolution of the reconstruction is Ϸ27 Å.
RESULTS
We find that the meiosis-specific recombinase hDmc1 protein forms octameric rings (Figs. 1 and 2) . The rings are Ϸ140 Å in diameter, with a central hole that is Ϸ25 Å in diameter. As with the hexameric helicase rings formed by T7 gp4 (34) and E. coli DnaB (35), these rings in projection have a clearly chiral or pin-wheel appearance. Ring formation does not require ATP, Mg 2ϩ , or the presence of DNA. To exclude the possibility that ring formation in the absence of exogenous DNA was the result of a contaminant DNA in the protein preparation, the samples were incubated with Bal 31, a ds exonuclease and a ss endonuclease. Although we cannot exclude the possibility that trace quantities of polynucleotide still existed, the presence of numerous rings after this incubation suggests that a DNA substrate is not necessary for ring formation.
One preparation of hDmc1 protein, where a small fraction of the protein was observed to exist as a large proteolytic fragment (19) , gave rise to approximately equal numbers of rings with seven subunits and with eight subunits (Fig. 2 c-f ) . Two other preparations, where there was no apparent proteolytic degradation, did not yield any significant number of rings with seven subunits, as judged by rotational power analysis. Because the fraction of the protein that was proteolytically degraded was much less than 50%, and probably closer to 10%, this finding suggests that a single truncated subunit in a ring can change the symmetry of the ring from 8-fold to 7-fold (if subunits randomly coassemble, we would expect from binomial statistics that 50% of the rings would have eight intact subunits if 8% of the protein were degraded).
Taking advantage of the different projections offered by both the side views and ''tilted'' top views, a three-dimensional reconstruction was generated from 42 different image classes. Only one of these classes, the top view projected down the 8-fold axis (Fig. 2b) , had symmetry imposed. The resulting reconstruction is shown in Fig. 3 .
In contrast to RecA and Rad51, under none of the conditions used did we see helical filaments formed by hDmc1. These conditions involved different DNA substrates (ssDNA, dsDNA, dsDNA with ssDNA tails, partially denatured dsDNA, etc.), different nucleotide cofactors (ATP and ATP-␥-S), and different Mg 2ϩ concentrations. Can hDmc1 be forming very short helical filaments that might be mistaken for small stacks of rings? This possibility seems unlikely, as we analyzed 705 double rings, and none of the image classes corresponded to a helical turn in projection. This result argues that the form of the protein responsible for the observed DNA protection (19) must be the octameric ring.
In the absence of DNA the hDmc1 rings were distributed on the electron microscopy grids as single particles, whereas with DNA they frequently were arranged in higher-order structures. With ssDNA they displayed a tendency to form clusters of various sizes (Fig. 1b) , and with dsDNA with either 3Ј or 5Ј tails they assembled pairwise in long stacks (Fig. 1c) . No long stacks of rings were observed with dsDNA containing blunt ends. This finding suggests that the stacks are nucleated at the ss-dsNA interface, and several observations suggest that they extend over the duplex DNA. The stacks appeared to cover a significant portion of the molecules, under conditions where the ssDNA tails will be fairly short. The bipolar nature of the double rings (Fig. 2 g and h) is also consistent with the bipolar symmetry of the dsDNA, similar to the mode of binding observed for RuvB to dsDNA (36) . When dsDNA containing a ssDNA tail was heat-denatured, a few stacks of rings were detected, but the very low number of stacks was probably caused by incomplete denaturation of the DNA. High energy nucleotide cofactors or Mg 2ϩ had no effect on the assembly of long stacks of hDmc1 rings. The coaxial arrangement of rings bound to DNA substrates (Fig. 1c) shows that the path of the DNA is through the central channel of the ring. If the DNA were bound to the sides of the rings, one would expect to see a staggered arrangement of rings. Examination of many electron micrographs failed to find any such staggered arrays of rings. The possibility that the coaxial stacks are caused solely by protein-protein interactions can be excluded for two reasons: the spacing between rings is variable, and long stacks are not seen in the absence of a DNA substrate. This binding of DNA in the central channel is the same mode shown for RuvB (36) , T7 gp4 (34, 37), DnaB (38) , and simian virus 40 large T antigen (39) , all of which are part of a superfamily of RecA-related proteins.
DISCUSSION
It has been suggested that the Dmc1 protein will have the same secondary and tertiary structure as the E. coli RecA protein (40) . Is the failure of Dmc1 to form helical filaments surprising? Not if one considers the family of proteins that include actin, HSP70, and hexokinase, which all share a common tertiary structure and appear to have evolved from a common ancestral protein (41) . Within this family, only actin forms a helical filament. The highly conserved helical parameters present in the RecA (5, 7), UvsX (10), and Rad51 (8) filaments may be a large constraint on the evolutionary sequence divergence of these proteins. This constraint may be enhanced by the fact that RecA (29) , yeast Rad51 (X.Y., T. Ogawa, and E.H.E., unpublished work), and human Rad51 (30) proteins also form rings. The possibility that hDmc1 does not form helical filaments, and the resulting elimination of the constraint imposed by the helical architecture on the conservation of protein residues, may be consistent with the phylogenetic observation that DMC1 genes consistently evolve faster than recA and RAD51 genes (42) .
Although it appears from our observations that the form of Dmc1 protein responsible for binding DNA is an octameric ring, we have no knowledge of whether Dmc1 functions in vitro and in vivo as individual rings or as extended stacks of rings. Bacteriophage T7 gp4 protein forms extended stacks of rings on ssDNA in vitro (37) , but it is likely that the protein acts at a replication fork as a single ring (34) . Further, we cannot exclude the possibility that an accessory protein or cofactor would cause the protein to form helical filaments. However, our observations do suggest that under the conditions used in vitro, the active form of the Dmc1 protein is an octameric ring.
Our results suggest that other eukaryotic RecA homologs also may function as rings, rather than as helical filaments. Further, the conservation of a ring structure from the bacterial RecA protein to the human Rad51 protein is most likely caused by a functional DNA-binding property of these structures. Although the manner in which the Dmc1 rings function in homologous recombination is not yet known, it is probable that, like the hexameric helicases and RuvB, they will use the energy of ATP hydrolysis to either move along a DNA substrate or pump DNA.
